
1 23

Oecologia
 
ISSN 0029-8549
Volume 191
Number 2
 
Oecologia (2019) 191:311-323
DOI 10.1007/s00442-019-04500-2

Experimental increase in predation risk
causes a cascading stress response in free-
ranging snowshoe hares

Melanie R. Boudreau, Jacob L. Seguin,
Rudy Boonstra, Rupert Palme, Stan
Boutin, Charles J. Krebs & Dennis
L. Murray



1 23

Your article is protected by copyright and

all rights are held exclusively by Springer-

Verlag GmbH Germany, part of Springer

Nature. This e-offprint is for personal use only

and shall not be self-archived in electronic

repositories. If you wish to self-archive your

article, please use the accepted manuscript

version for posting on your own website. You

may further deposit the accepted manuscript

version in any repository, provided it is only

made publicly available 12 months after

official publication or later and provided

acknowledgement is given to the original

source of publication and a link is inserted

to the published article on Springer's

website. The link must be accompanied by

the following text: "The final publication is

available at link.springer.com”.



Vol.:(0123456789)1 3

Oecologia (2019) 191:311–323 
https://doi.org/10.1007/s00442-019-04500-2

PHYSIOLOGICAL ECOLOGY – ORIGINAL RESEARCH

Experimental increase in predation risk causes a cascading stress 
response in free‑ranging snowshoe hares

Melanie R. Boudreau1  · Jacob L. Seguin1 · Rudy Boonstra2 · Rupert Palme3 · Stan Boutin4 · Charles J. Krebs5 · 
Dennis L. Murray1

Received: 4 December 2018 / Accepted: 4 September 2019 / Published online: 18 September 2019 
© Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Extensive research confirms that environmental stressors like predation risk can profoundly affect animal condition and 
physiology. However, there is a lack of experimental research assessing the suite of physiological responses to risk that 
may arise under realistic field conditions, leaving a fragmented picture of risk-related physiological change and potential 
downstream consequences on individuals. We increased predation risk in free-ranging snowshoe hares (Lepus americanus) 
during two consecutive summers by simulating natural chases using a model predator and monitored hares intensively via 
radio-telemetry and physiological assays, including measures designed to assess changes in stress physiology and overall 
condition. Compared to controls, risk-augmented hares had 25.8% higher free plasma cortisol, 15.9% lower cortisol-binding 
capacity, a greater neutrophil:lymphocyte skew, and a 10.4% increase in glucose. Despite these changes, intra-annual changes 
in two distinct condition indices, were unaffected by risk exposure. We infer risk-augmented hares compensated for changes 
in their stress physiology through either compensatory foraging and/or metabolic changes, which allowed them to have 
comparable condition to controls. Although differences between controls and risk-augmented hares were consistent each 
year, both groups had heightened stress measures during the second summer, likely reflecting an increase in natural stressors 
(i.e., predators) in the environment. We show that increased predation risk in free-ranging animals can profoundly alter stress 
physiology and that compensatory responses may contribute to limiting effects of such changes on condition. Ultimately, 
our results also highlight the importance of biologically relevant experimental risk manipulations in the wild as a means of 
assessing physiological responses to natural stressors.

Keywords Lepus americanus · Cortisol · Field experiment · Hormone challenges

Introduction

During recent decades, studies examining how environmen-
tal stressors affect organisms have been crucial in revealing 
complex structure and function of physiological systems 
(White and Jentsch 2001; Turner 2010). Environmental 
stressors include a variety of challenges that are imposed on 
free-ranging animals, including predation risk (e.g., Menge 
and Sutherland 1976; Preisser et al. 2005; Peckarsky et al. 
2008). Increased risk perception can elicit marked changes 
in prey physiology (e.g., Creel et al. 2007), morphology 
(e.g., Trussell et al. 1993), behavior (e.g., Lima and Dill 
1990), and metabolism (e.g., Van Dievel et al. 2016; Paul 
et al. 2018), but our current understanding of the linkage 
between these responses remains largely in its infancy, in 
part owing to difficulties in robustly assessing effects of 
stressors in a natural setting. Hence, while prey responses 
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to predation risk have been identified as having a strong role 
in shaping ecological communities (Menge and Sutherland 
1976; Preisser et al. 2005), the actual effects of predation 
risk on prey physiology, how such risk affects condition, and 
whether prey can compensate for physiological change via 
other means, remain largely unknown.

Chronic stress has risen to the forefront of our under-
standing of prey responses to predation risk (Hawlena and 
Schmitz 2010; Boonstra 2013; Clinchy et al. 2013), and a 
variety of physiological processes clearly link risk percep-
tion by an individual to changes in its behavior or condi-
tion, including through increased stress hormones (e.g., 
Clinchy et al. 2013), increased muscle enzymatic activity 
(e.g., Strobbe et al. 2010), and altered immune function 
(e.g., Hinam and St.Clair 2008; Seiter 2011). Such physi-
ological change may further affect prey growth and morphol-
ogy (e.g., McPeek et al. 2001), metabolic processes (e.g., 
Thaler et al. 2012), and body composition (e.g., Costello and 
Michel 2013). Typically, physiological changes related to 
predation risk are measured using total plasma cortisol (e.g., 
Eilam et al. 1999; Barcellos et al. 2007), oxidative status and 
antioxidants (e.g., Slos and Stoks 2008; Janssens and Stoks 
2013), immunoglobulins (e.g., Hinam and St.Clair 2008), 
as well as variation in respiration/heart rate (e.g., Woodley 
and Peterson 2003), and heat shock proteins (e.g., Kagawa 
et al. 1999). In field studies, typically only one or two met-
rics serve to determine physiological effects of predation 
risk (e.g., Hawlena and Schmitz 2010; Zanette et al. 2014), 
with the most common metrics often failing to adequately 
represent the breadth of physiological changes that indi-
viduals can undergo following changes in risk perception 
(e.g., total cortisol; Breuner and Orchinik 2002). In contrast, 
information provided by multiple physiological measures 
that collectively assess the overall stress axis and condition 
of individuals should better reflect the full extent of physi-
ological change (e.g., free plasma cortisol and its cascading 
effects on glucose, immunology, and hematology or physical 
structure). It follows that increased use of comprehensive 
and complementary physiological metrics could elucidate 
possible compensatory responses to increased risk, if they 
occur. However, to date there is limited evidence of such 
compensation (but see Thaler et al. 2012; Van Dievel et al. 
2016), largely owing to the fact that a holistic approach is 
rarely implemented when assessing physiological responses 
to risk. Doubtless, this type of integrative analysis should 
become the accepted standard, when possible, if we aim to 
understand the breadth of risk-related responses in nature 
(Boonstra et al. 1998; Clinchy et al. 2011).

A further constraint to our understanding of physiological 
responses to predation risk is that most research has been 
conducted in the laboratory using artificial stimuli or risk 
exposure levels that may induce changes that are not reflec-
tive of natural responses (Korpimäki and Krebs 1996, Skelly 

and Kiesecker 2001; Srivastava et al. 2004). In addition, 
there are few cases where prey physiological change has 
been addressed experimentally in the wild, in part because 
of the logistical difficulties doing so (Korpimäki and Krebs 
1996; Srivastava et al. 2004). Therefore, combining robust, 
comprehensive physiological assessment with more realistic 
risk manipulation should better elucidate the effects of risk-
related responses in natural prey populations.

We conducted a field experiment manipulating predation 
risk in free-ranging snowshoe hares (Lepus americanus) 
to assess prevalence and intensity of their physiological 
response in a natural setting. Snowshoe hare populations 
undergo regular 8–11-year cyclic fluctuations, with up to 
100% of proximate causes of deaths during cyclic declines 
being attributable to predation, mainly from terrestrial car-
nivores such as lynx (Lynx canadensis) and coyotes (Canis 
latrans; Hodges et al. 2001), whose numbers also corre-
spond to hare cycles (Boutin et al. 1995). Hare stress physi-
ology seems to fluctuate with cyclic propensity, with higher 
free plasma cortisol, lower cortisol-binding capacity, higher 
glucose levels, and greater variation in leukocyte numbers 
occurring during cyclic declines (Boonstra et al. 1998; Sher-
iff et al. 2011). Predation risk also elicits higher fecal cor-
tisol metabolites in captive hares (Sheriff et al. 2009a) and 
condition indices, such as hematocrit (Boonstra et al. 1998; 
Sheriff et al. 2011) and physical structure (Hodges et al. 
1999; Murray 2002), decline with increased predation pres-
sure or diminished food supply. However, attempts to estab-
lish causal links between variation in hare predation risk 
perception and corresponding changes in stress physiology 
or condition indices have been inconclusive, largely owing to 
a correlational approach in past studies (see Boonstra et al. 
1998; Boonstra and Singleton 1993; Sheriff et al. 2011). 
We, therefore, collectively examine the breadth of potential 
stress responses and changes in condition by experimen-
tally increasing risk in free-ranging hares. As changes in 
risk-related physiological metrics may be inconsistent across 
species (e.g., Zanette et al. 2014), we provide hare-specific 
predictions in Table 1.

Table 1  Predicted outcomes for stress and condition-related metrics 
for snowshoe hares under risk augmentation compared to controls

Metric Index of Predicted outcome 
under increased 
risk

Fecal cortisol metabolites Stress Increase
Free plasma cortisol Stress Increase
Cortisol-binding capacity Stress Decrease
Leukocyte ratios Stress Increased skew
Glucose Stress Increase
Hematocrit Condition Decrease
Structural Index Condition Decrease
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Methods

Study site

Our study was conducted near Kluane Lake in southwest-
ern Yukon, Canada (61°58′N, 138°12′W) on two study 
areas located ~ 5 km apart (hereafter referred to as “east-
ern” and “western” sites). The study region is within the 
rain shadow of the St. Elias Mountains, receiving < 30 cm 
of precipitation a year, mostly as rain during summer 
(Environment Canada 2017). Summer (June–August) 
and winter (November–February) temperature average 
12 °C and − 17 °C, respectively (Environment Canada 
2017). The region is dominated by white spruce (Picea 
glauca), with a mixed understory of gray willow (Salix 
glauca), bog birch (Betula glandulosa), soapberry (Shep-
herdia canadensis) and other herbaceous plants (Krebs 
et al. 2001). Local land use is focused around mining and 
recreation (Krebs et al. 2001); however, anthropogenic 
disturbance at our sites was minimal. Our study coin-
cided with the increase-peak phase of the snowshoe hare 
cycle in the Kluane region, and during our 2-year study 
(2015–2016) hare densities increased 1.85-fold, reaching 
a maximum of 1.82 ± 0.35 hares/ha in fall 2016 (Krebs 
et al. 2018). Concurrently, predator population indices, 
based on snow tracking, increased 1.04-fold (average for 
coyote and lynx; CEMP 2017).

Live trapping

From April to October 2015 and 2016, we live-captured 
snowshoe hares at each site (Tomahawk Live Trap Co., 
Tomahawk, WI, USA). Live trapping occurred during 
either the last 2 weeks of each month or until all relevant 
data had been collected, whichever came first (mean = 6 
nights/month). We pre-baited traps for 3 days with apple 
and a mixture containing rabbit chow, oats, strawberry 
jam, and molasses. Live-traps were set and checked 
overnight on an 8-h schedule. Given the 8–12 h transit 
time for fecal steroids in snowshoe hares (Sheriff et al. 
2009a), our trapping protocol avoided collection of feces 
that could reflect capture stress. Hares were ear-tagged 
at first capture (National Band and Tag Co., Newport, 
KY, USA) and at each capture were weighed, sexed, 
assessed for reproductive condition (males: scrotal/non-
scrotal; females: pregnancy/lactation/non-pregnancy; 
Keith et al. 1968) and a right hind foot measure was 
taken. Live trapping and handling procedures followed 
established guidelines (Sikes et  al. 2011) and were 
approved by the Trent University Animal Care Com-
mittee (protocol 23373).

Experimental manipulation

Each year, adult hares (> 1000 g) that were caught > 2 times 
during the initial live-trapping session were equipped with 
radio collars with mortality sensors (Wildlife Materials, 
Murphysboro, IL, USA and Telemetry Solutions, Con-
cord, CA, USA) and attached GPS units (Gypsy 5, Tech-
nosmart, Rome, Italy). After collaring, we gathered hare 
location information hourly via VHF triangulation over 
several days (2015) or using GPS telemetry (2016; Gypsy 
5, Technosmart, Guidonia, Rome, Italy). For both years, we 
used a minimum of 30 locations from a 48-h period to cre-
ate minimum convex polygons which reflected established 
home ranges. Polygons were used to assign individuals to 
experimental groups, with animals located in the same gen-
eral area receiving a common treatment (i.e., either control 
or predator-exposed). Site proximity makes it reasonable to 
expect that all study animals were exposed to similar base-
line predation risk, and ancillary analysis revealed similar 
habitat characteristics in hare home ranges across treatment 
groups (M. Boudreau, unpubl).

Hares were exposed to simulated predation attempts using 
a trained domestic dog (Canis familiaris) as a model for 
coyotes (see Sheriff et al. 2009a, b). Coyotes are an impor-
tant predator of hares in our area (O’Donoghue et al. 1998), 
and our dog (an Australian cattle dog) was comparable to a 
coyote in terms of size and morphology. During June–Sep-
tember (2015) and May–September (2016), hares in the 
treatment group were chased with the dog (off leash) on 
random days/times three times per week. Due to logistical 
and safety constraints, we conducted chases only during 
daylight hours. While this did not allow us to directly match 
predator activity (which occurs throughout a 24-h period; 
E. Studd unpubl.), due to prolonged daylight during the 
summer months, which in our study area spanned 03:30 to 
22:00 in June and 06:30 to 19:00 in September, we were able 
to minimize chase bias across a 24-h period. As treatment 
groups were only spatially separated by 200–300 m on each 
study site, we used telemetry to estimate control hare prox-
imity to risk-augmented individuals and ensure no overlap 
of our treatment groups prior to chase initiation. In cases 
when risk-augmented and control hares were in close prox-
imity (i.e., < 100 m; this occurred 15 and 4 times in 2015 
and 2016, respectively), a second attempt was tried when 
animals were again spatially separated. Working in teams of 
two, one individual used telemetry to locate and approach 
the target hare within 20 m, while the other directed the dog 
to the hare. On average, chases lasted ~ 20–60 s until a hare 
response was logged via VHF telemetry (i.e., change in sig-
nal strength or direction, indicating movement of the hare) 
and the dog was then retrieved. The dog never successfully 
captured or made physical contact with a hare (N = 1800 
chases). Individual hares received, on average, 32.4 (range 
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15–43) chases during June–September 2015 and 45.8 (range 
30–59) chases during May–September 2016.

Stress metrics

Fecal cortisol metabolites

We obtained hare fecal samples by collecting pellets depos-
ited beneath live-traps by recently captured animals. Fecal 
samples were not contaminated by urine and used to index 
free endogenous plasma cortisol levels (Sheriff et al. 2010). 
During initial collaring (i.e., prior to the initiation of risk 
exposure; May 2015 and April 2016), the first fecal sample 
collected for each hare was taken as a measure of pre-chase 
cortisol levels. During months when chases occurred (i.e., 
June–September 2015 and May–September 2016), we col-
lected > 20 fecal samples from recaptured individuals per 
treatment group, per month. Samples were stored at − 20 °C 
within 2 h of collection, lyophilized for a minimum of 12 h 
(see Sheriff et al. 2009a; LabConco, Kansas City, MO, USA) 
and then homogenized using liquid nitrogen and mortar 
and pestle. We then extracted hormone metabolites from 
50.0 ± 2.0 mg of ground feces using 0.5 ml of 80% methanol 
(v/v) for 30 min at 1450 rpm on a multi-tube vortexer. After 
centrifugation for 15 min at 2500 g (Eppendorf Centrifuge 
5810 R, Mississauga, ON, Canada), the supernatant was 
stored at − 80 °C. Fecal cortisol metabolite concentrations 
were measured using an 11-oxoetiocholanolone enzyme 
immunoassay protocol developed by Palme and Möstl 
(1997) and validated for snowshoe hares by Sheriff et al. 
(2009a). As samples were analyzed in the fall of the associ-
ated year to prevent sample degradation, a quality control 
created from pooled sample extract (n = 50) was included 
to ensure comparability. Intra- and inter-assay variability 
was < 11% and < 15%, respectively.

Hormone challenges

Fecal cortisol metabolites should be indicative of risk 
exposure over the course of the experimental manipula-
tion; however, this metric can be influenced by a variety 
of factors (Goymann 2012), and as such it may be less 
accurate for measuring adrenocortical reactivity com-
pared to alternative methods; hormone challenges allow 
for an integrated picture of an individual’s physiological 
past while over-riding capture and handling stress. We 
used hormone challenges to infer cumulative stress of 
hares through an integrated time period (Boonstra et al. 
1998; Sheriff et al. 2011). In October, 1 week after chases 
had ceased, and when hares were in a post-reproductive 
state, males (n = 22) and females (n = 16) from each treat-
ment group were subjected to a hormone challenge (n = 10 
and n = 12 hares from each treatment group for 2015 and 

2016, respectively; protocol from Boonstra et al. 1998). 
Upon capture, we transported hares to a nearby laboratory 
where they were acclimated for 2 h (per Boonstra et al. 
1998). Each individual was bled 5 times (0.5 ml for the 
first bleed and 0.3 ml thereafter) from an ear artery using 
a heparinized syringe with 29G ½ in needle (Ideal U-40 
Insulin Syringes). The first blood sample (initial bleed) 
was followed by a 0.4 mg/kg injection of dexamethasone 
sodium phosphate (i.e., Dexamethasone; Vetoquinol Inc., 
Lavaltrie, Quebec, Canada; Boonstra et al. 1998) into an 
ear vein. The dexamethasone bleed occurred 2 h later 
and assessed feedback inhibition of cortisol secretion in 
response to dexamethasone. It was followed immediately 
by an intramuscular thigh injection of 40 µg/kg of syn-
thetic adrenocorticotrophic hormone (ACTH; Cortrosyn, 
Amphistar Pharmaceuticals Inc., Rancho Cucamonga, 
CA, USA). The three remaining bleeds assessed the 
capacity of adrenals to respond to ACTH and occurred 
30, 60 and 120 min post-ACTH injection (P30, P60 and 
P120 bleeds, respectively). We centrifuged blood samples 
at 8800 g for 10 min (Micro Centrifuge 5413, Eppendorf, 
Mississauga, ON, Canada) and the plasma was frozen at 
− 80 °C.

For each bleed, we measured glucose, total cortisol, and 
maximum corticosteroid-binding capacity (i.e., the extent to 
which there can be bound cortisol in the blood). Increased 
glucose levels throughout the challenge may indicate 
increased capacity for liver gluconeogenesis due to chronic 
stress (Miller and Tyrrell 1995; Boonstra et al. 1998). Glu-
cose was measured within 5 min of sample collection (Free-
Style Glucometer, Abbott Diabetes Care, Mississauga, ON, 
Canada). Total plasma cortisol and cortisol-binding capac-
ity were measured in duplicate using a radioimmunoassay 
with total plasma cortisol measured using an  I125 RIA Kit 
(MP Biomedical ImmuChem-Coated Tube Cortisol  I125 RIA 
Kit, Orangeburg, NY, USA) and binding capacity measured 
using an  H3 protocol (Boonstra and Singleton 1993). To 
ensure comparability, a quality control created from pooled 
plasma was included in all assays; intra- and inter-assay 
variability was < 13% and < 10%, respectively. Free cortisol 
concentrations were calculated according to Boonstra et al. 
(1998).

Increased liver gluconeogenesis should be achieved at the 
cost of peripheral tissues, leading to declines in condition 
that should be indicated by lower structural mass relative to 
size (Boonstra et al. 1998; Silverman and Sternberg 2012). 
Changes in condition should, therefore, also be reflected in 
other condition indices (i.e., low hematocrit levels; Fran-
zmann and Leresche 1978; Hellegren et  al. 1993). We 
used our measure of mass relative to the right hind foot as 
our structural condition index (Murray 2002), and for the 
first blood sample (prior to centrifugation), we measured 
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hematocrit levels in duplicate and averaged values for our 
physiological condition index.

Hares under chronic stress have higher neutrophil to lym-
phocyte (N:L) ratios, although similar ratios may be achieved 
through infections (Sheriff et al. 2011). Accordingly, both 
eosinophil to lymphocyte (associated with parasite load; 
E:L) and monocyte (associated with bacterial infection; M:L) 
ratios should differentiate stress from infection. We created 
smears from the initial blood sample, which were then fixed 
in methanol and dried and stained using a modified Wright 
stain technique (Diff-Quick, Dade International, FL, USA). 
The first 100 leukocytes were recorded for each smear and 
then averaged for each hare (Sheriff et al. 2011).

Statistical analysis

For all fecal cortisol metabolite (FCM) data, samples which 
potentially captured trapping stress (i.e., were taken past the 
8-h fecal transit time; n = 30) or hare injury (n = 4) were 
excluded. To examine the site effects, FCM values from dif-
ferent sites obtained for the same treatment group day were 
analyzed using a (treatment X year) linear mixed model with 
month nested within year. As there was no effect of the site 
on FCM values (F1,36 = 0.39, P = 0.54), site was excluded 
from subsequent FCM analyses. Pre-chase samples were 
used to see if groups differed significantly before the risk 
exposure treatment was initiated. Pre-chase and chase FCM 
were analyzed using a (year X treatment X sex) linear mixed 
model with the chase FCM model containing month nested 
within year.

We examined male hare structural condition using the 
residuals of a Model I regression between average monthly 
mass and the right hind foot measure (controls n = 22 and 
risk-augmented n = 30); females were excluded because 
pregnancy confounded their mass measurements (Murray 
2002). As hares came from separate sites, we tested for 
an effect of site on structural condition and as there was 
no effect of site (linear mixed model: P = 0.81), data were 
pooled. Structural condition was examined using a (year × 
treatment × month) linear mixed model. All linear mixed 
models had hare ID as a random factor to account for mul-
tiple samples from the same individual.

Area under the curve (AUC) was calculated for total cor-
tisol values of the individuals in each treatment group using 
the equation:

 with Dex, P30, P60 and P120 referring to the total cortisol 
value for the corresponding Dexamethasone and post-ACTH 
bleeds (Delehanty and Boonstra 2011). Comparison of AUC 
can be used to examine the possibility that higher amounts 

AUC = (30 ∗ (P30 + P60)∕2 + 30 ∗ (P60 + P120)∕2

− (60 ∗ P30))−(P120 − Dex),

of plasma cortisol between treatment groups were related 
to increased sensitivity of adrenals to ACTH or increased 
capacity of adrenals to produce cortisol (Delehanty and 
Boonstra 2011). A multivariate ANOVA (MANOVA) was 
used to examine leukocyte ratios and a separate MANOVA 
was used to assess responses of blood components (free 
plasma cortisol, cortisol-binding capacity, and glucose). 
Significance was examined using Pillai’s trace which is 
more robust to unbalanced datasets (Scheiner 2001). If a 
significant result was detected, separate univariate ANO-
VAs were performed. Each leukocyte ratio was examined 
using an ANOVA, while univariate analyses of free plasma 
cortisol, cortisol-binding capacity, and glucose were con-
ducted using a repeated-measures ANOVA, with “time” 
being the response over the five bleeds, which was added 
as a within-subject factor (e.g., Boonstra et al. 1998). Due 
to the non-independence between bleeds, a conservative 
Greenhouse–Geisser epsilon correction was applied (e.g., 
Boonstra et al. 1998). An ANOVA was used to examine 
AUC and hematocrit values. All MANOVAs and ANOVAs 
included year × treatment × sex as main effects. For all hor-
mone challenge data, only 6 hares from the risk-augmented 
group in 2016 came from the western site, all other hares 
were located on the eastern site; visual examination of 
means and standard errors indicated no significant effects 
of site across metrics.

We used a log-rank test (Harrington and Fleming 1982) 
to compare survival between treatment groups. Fecal cor-
tisol metabolite data and leukocyte ratios were log-trans-
formed, and area under the curve and structural condition 
values were square-root transformed to meet the assumption 
of normality. Comparisons of the means were considered 
significant if P < 0.05, and values of 0.05 < P < 0.10 were 
considered marginally significant. Effect sizes were calcu-
lated as eta-squared (Olejnik and Algina 2003). All ANOVA 
analyses were conducted using a type III sum of squares and 
all analyses were performed in R v. 1.0.143 (R Core Team 
2013).

Results

In total, we monitored hare physiology in 56 and 53 indi-
viduals during 2015 and 2016, respectively. In 2015, we had 
15 (8 female; 7 male) and 17 (9 female; 8 male) controls on 
the eastern and western sites, respectively, and in 2016 we 
had 24 controls (15 female; 9 male) on the eastern site. In 
2015, we exposed 24 hares to predator chases (10 female; 
14 male) on the eastern site, and in 2016, 15 (7 female; 8 
male) and 14 (9 female; 5 male) hares on the eastern and 
western sites, respectively. Twenty-one hares were killed by 
predators during the study (2015: 7 controls and 5 risk-aug-
mented; 2016: 4 controls and 5 risk-augmented), and 30-day 
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survival probabilities were comparable between treatment 
groups [treated: 0.95 ± 0.15 (95% CI); control: 0.94 ± 0.17; 
Log-rank test: χ2 = 0.8, P = 0.38], suggesting that our experi-
mental treatment did not have a direct effect on hare survival 
and thus was appropriately considered as strictly sublethal.

Fecal cortisol metabolites (FCM)

Pre-chase fecal cortisol metabolite levels did not differ 
between treatments or years (Table 2), indicating that indi-
vidual hares had similar starting conditions prior to risk 
exposure (Fig. 1a). Males had, on average, 18.7 ± 1.3% 
(mean ± SE) more FCM compared to females before chases 
began (Table 2), and this was different between years for 
each sex, with males having 29.1 ± 2.3% and 3.4 ± 1.6% 
more FCM compared to females in May 2015 and April 
2016, respectively (Table 2). During the chase period, over-
all FCM did not increase due to increased risk exposure 
(Table 2, Fig. 1b). Fecal cortisol metabolites were also com-
parable between sexes (Table 2). However, overall FCM lev-
els were marginally higher (7.1 ± 1.4%) in 2016 compared 
to 2015 (Table 2). 

Plasma cortisol and adrenal function (AUC)

Overall, blood components were affected both by the pre-
dation risk treatment (MANOVA: F1,175 = 10.60, P < 0.001) 
and by year (F1,175 = 126.32, P < 0.001), as well as a signifi-
cant time X treatment interaction (F1,175 = 2.68, P = 0.002). 
We found that free plasma cortisol concentrations for risk-
augmented hares were, on average, 25.8 ± 7.6% higher com-
pared to controls over the course of the challenge (Table 3; 
Fig. 2a). Free cortisol concentrations changed appropriately 
over the course of the hormone challenge (i.e., decrease in 
response to Dexamethasone and increase in response to 
ACTH; see Table 3 (time), Fig. 2a). We also noted inter-
annual variability, with overall free cortisol levels being 

Table 2  Effects of experimental 
increase in predation risk 
exposure (treatment) on 
snowshoe hare fecal cortisol

F values, P values, effect sizes, and degrees of freedom are for the univariate analyses for fecal samples 
taken before chases were conducted (May 2015 and April 2016) and during the chase period (June–Sep-
tember 2015 and May–September 2016)
Bold values indicate the significant effect

Pre-chase period fecal Chase period fecal

ɳ2 df F P ɳ2 df F P

Treatment 0.001 1, 56 0.34 0.560 0.001 1, 165 0.09 0.765
Year 0.002 1, 56 0.38 0.536 0.200 1, 176 3.04 0.083
Sex 0.038 1, 56 7.72 0.006 0.005 1, 169 0.01 0.916
Treatment × year 0.001 1, 56 0.72 0.601 0.019 3, 174 0.01 0.934
Treatment × sex < 0.001 1, 56 0.08 0.785 0.014 3, 182 0.01 0.908
Year × sex 0.028 1, 56 5.69 0.018 0.021 3, 173 0.07 0.785
Treatment × year × sex < 0.001 1, 56 0.98 0.977 0.033 3, 169 0.14 0.710
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Fig. 1  Fecal cortisol metabolite concentrations (mean ± SE) of snow-
shoe hares exposed to predation risk versus controls; a before and b 
during the predator chase period
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Table 3  Effects of experimental increase in predation risk exposure (treatment) on glucose, maximum cortisol-binding capacity and free plasma 
cortisol in snowshoe hares

F values, P values, effect sizes, and degrees of freedom are for the univariate analyses for each physiological measure
Bold values indicate the significant effect

Glucose MCBC Free plasma cortisol

ɳ2 df F P ɳ2 df F P ɳ2 df F P

Treatment 0.068 1 4.47 0.04 1.4e–5 1 0.01 0.93 0.007 1 1.93 0.17
Year 0.243 1 19.63 < 0.001 0.224 1 11.43 0.001 0.541 1 145.53 < 0.001
Treatment × year 0.0003 1 0.02 0.88 0.004 1 0.22 0.64 0.004 1 1.10 0.31
Subject (time) 40 35 35
Time 0.410 4 80.51 < 0.001 0.544 4 39.50 < 0.001 0.255 4 49.25 < 0.001
Time × treatment 0.009 4 1.07 0.36 0.187 4 13.59 < 0.001 0.055 4 2.77 0.03
Time × year 0.109 4 14.08 < 0.001 0.020 4 1.47 0.22 0.181 4 34.91 < 0.001
Time × treatment × year 0.0007 4 0.08 0.97 0.020 4 1.48 0.22 0.005 4 1.02 0.40
Error 160 140 140

Fig. 2  Plasma concentrations (mean ± SE) of snowshoe hares sub-
jected to hormone challenges following exposure to predation risk 
versus controls in the wild. The x-axis refers to an initial bleed, 
after injection of dexamethasone (Dex) as well as blood collections 

at t = 30, 60, and 120  min post-ACTH injection. We report: a free 
plasma cortisol, b maximum corticosteroid-binding capacity, c glu-
cose levels, and d hematocrit levels
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90.4 ± 5.3% higher in 2016 compared to 2015 (Table 3, 
Fig. 2a). 

Free cortisol concentrations were influenced by cortisol-
binding capacity, and risk-augmented hares had, on aver-
age, a 15.9 ± 13.5% lower cortisol-binding capacity com-
pared to controls over the course of the challenge (Table 3, 
Fig. 2b). Cortisol-binding capacity varied appropriately 
over the course of the hormone challenge (i.e., no response 
dexamethasone and increase post-ACTH; Table 3 (Time), 
Fig. 2b). We also noted a 19.0 ± 6.9% lower cortisol-bind-
ing capacity in 2015 compared to 2016 (Table 3, Fig. 2b). 
Plasma-free cortisol differed between the treatment groups 
(Fig. 2a), although AUC scores were comparable, indicating 
that adrenal sensitivity and capacity were unaffected by the 
experiment (Table 4). This implied that changes in negative 
feedback mechanisms were likely driving observed differ-
ences in free plasma cortisol. However, AUC values were 
58.9 ± 6.6% higher in 2016 (Table 4), indicating increase in 
either ACTH sensitivity or cortisol production capacity of 
the adrenals.

Immunology

Leukocyte ratios were affected by both risk treatment 
(MANOVA: F1,40 = 6.18, P = 0.002) and year (F1,40 = 21.67, 
P < 0.001), with univariate analyses revealing that N:L 
ratios varied by both treatment and year, as evidenced by 
an increased skew from increased risk exposure through 
time (Table 5; Fig. 3). However, there were no correspond-
ing effects of higher risk exposure on M:L or E:L ratios 

(Table 5; Fig. 3). Thus, the increase in neutrophils relative 
to lymphocytes is directly related to the stress of increased 
risk exposure rather than infection. There was no annual 
change in monocytes (Table 5), although we did observe 
a 75.2 ± 0.3% decrease in the E:L ratio between years 
(Table 5; Fig. 3). While there was annual variation in the 
eosinophil to leukocyte ratio (which is related to parasite 
load), their change contrasted to the pattern of change for 
N:L ratios, implying that the N:L variation was not due to 
parasitic infection. 

Table 4  Effects of experimental 
increase in predation risk 
exposure (Treatment) on the 
area under the response curve 
(AUC) for total cortisol and 
hematocrit in snowshoe hares

F values, P values, effect sizes, and degrees of freedom are given
Bold values indicate the significant effect

AUC Hematocrit

ɳ2 df F P ɳ2 df F P

Treatment 0.001 1 0.15 0.701 0.001 1 0.03 0.859
Year 0.993 1 119.22 < 0.001 0.940 1 32.23 < 0.001
Sex 0.006 1 0.66 0.421 0.059 1 2.01 0.164
Treatment × year < 0.001 1 0.04 0.849 < 0.001 1 0.01 0.930
Error 36 39

Table 5  Effects of experimental 
increase in predation risk 
exposure (treatment) on 
neutrophil to lymphocyte ratios 
(N:L), monocyte to lymphocyte 
ratios (M:L), and eosinophil 
to lymphocyte ratios (E:L) in 
snowshoe hares

F values, P values, effect sizes, and degrees of freedom are for the univariate analyses for leukocyte ratios
Bold values indicate the significant effect

N:L M:L E:L

ɳ2 df F P ɳ2 df F P ɳ2 df F P

Treatment 0.283 1 15.79 < 0.001 0.028 1 1.15 0.289 0.007 1 0.30 0.586
Year 0.552 1 49.27 < 0.001 0.053 1 2.22 0.144 0.549 1 48.61 < 0.001
Treatment × year <0.001 1 0.0003 0.985 0.054 1 2.30 0.137 0.085 1 3.70 0.062
Error 40 40 40

Fig. 3  Leukocyte ratios (mean ± SE) (neutrophil: lymphocyte (N: L), 
monocyte: lymphocyte [M: L), and eosinophil: lymphocyte (E: L)] of 
snowshoe hares exposed to predation risk versus controls
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Glucose mobilization and condition

On average, risk-augmented hares had 10.4 ± 7.7% more 
glucose (Table 3, Fig. 2c). This effect was consistent across 
years, with hares on average mobilizing 22.6 ± 7.2% more 
glucose in 2016 compared to 2015 (Table 3, Fig. 2c). Glu-
cose levels increased over the course of the challenge (i.e., 
both hormones increased glucose; Table 3, Fig. 2c). The 
time X year interaction (Table 3) highlighted inter-annual 
variation in the magnitude of the glucose response (Fig. 2c).

Hematocrit levels were unaffected by increased risk expo-
sure (Table 4) and declined from 2015 to 2016 (13.0 ± 1.0% 
lower; Table 4; Fig. 2d), indicating yearly changes in physi-
ological condition. Male hare structural condition was not 
affected by risk augmentation (ɳ 2 = 0.011, F1,103 = 0.13, 
P = 0.92); however, monthly increases in structural con-
dition were observed during both summers (ɳ2 = 0.837, 
F1,103 = 9.20, P = 0.003; Fig. 4).

Discussion

We found that following exposure to experimental increase 
in predation risk, snowshoe hares exhibited marked hor-
monal, energetic, and immunological changes that were 
indicative of a markedly heightened stress response. Treat-
ment effects on hare stress physiology intensified during the 
second summer; however, increase in free plasma cortisol 
did not translate to intra-annual changes in either condition 
index, likely implying that hares compensate for heightened 
stress through behavioral or metabolic responses. This study 
extends previous work (e.g., Hik et al. 2001; Clinchy et al. 
2011; Seiter 2011) by including a suite of physiological met-
rics that more fully assess the stress responses of prospective 
prey in field conditions, and our results establish a basis for 

more detailed investigation into the suite of potential physi-
ological responses to high stress and how individuals may 
compensate for higher risk to avoid compromised condition.

For vertebrates, the stress axis is catabolic and energeti-
cally demanding, meaning that continuous environmental 
challenge increases free plasma cortisol, which can influence 
downstream resource allocation to immunity, energy stores, 
and overall condition (Boonstra et al. 1998; Liesenjohann 
et al. 2013; Zanette et al. 2014). Taken individually, risk-
augmented hares exhibited responses that are characteristic 
of those reported previously, including elevated free plasma 
cortisol (e.g., Clinchy et al. 2013), lower cortisol-binding 
capacity (e.g., Breuner et al. 2006), skewed immunological 
profiles (e.g., Hinam and St. Clair 2008), and higher glucose 
levels (e.g., Clinchy et al. 2013; Boonstra et al. 1998). These 
metrics provide an indication that hare stress physiology was 
affected by predation risk, although it is noteworthy that 
the free plasma cortisol metric in particular is an especially 
powerful indicator of stress capacity as it is crucial in stress 
axis feedback mechanisms (Boonstra et al. 1998) and has 
a strong relationship with steroid-binding proteins (i.e., 
corticosteroid-binding globulins; see Breuner and Orchinik 
2002). Extended free plasma cortisol exposure has long-term 
influence on a variety of processes due to energy realloca-
tion for stress axis support (Boonstra et al. 1998; Silverman 
and Sternberg 2012), and downstream consequences include 
alterations to other physiological processes, such as immune 
system function (e.g., Fast et al. 2008) and skeletal mass 
(Silverman and Sternberg 2012). Accordingly, elevated free 
plasma cortisol should portend a variety of risk responses, 
and thus lack of ancillary responses, such as that seen with 
our condition indices, may indicate either that risk exposure 
was not sufficiently strong or prolonged to enact downstream 
consequences, or that compensatory responses to stress were 
activated.

Compensatory responses to increased risk are not uncom-
mon and may be enacted via a behavioral or metabolic mech-
anism. For example, kangaroo rats (Dipodomys merriami; 
Daly et al. 1992) and snowshoe hares (Griffin et al. 2005) 
both lower their activity in association with increased risk 
on moonlit nights, while grasshoppers (Ageneotettix deorum; 
Oedekoven and Joern 2000) feed on higher quality plants 
when under higher risk of predation. Our comprehensive 
physiological assessment revealed that hematocrit, which 
is normally considered a general physiological condition 
index (Franzmann and Leresche 1978; Hellegren et al. 1993; 
Boonstra et al. 1998), was unaffected by increased risk expo-
sure. Likewise, structural condition increased throughout the 
summer months irrespective of the experimental treatment. 
It is evident that condition indices should show deterioration 
when the organism is in a sustained catabolic state (Silver-
man and Sternberg 2012); however, as prey often exhibit 
plasticity in their responses to risk perception, it is plausible 

Fig. 4  Male structural condition (mean ± SE) for snowshoe hares 
exposed to predation risk versus controls
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that risk exposure elicited increases in food intake or food 
selectivity of hares (e.g., Schmitt and Holbrook 1985). Like-
wise, risk exposure may have prompted reduced activity 
(e.g., Griffin et al. 2005) or the use of specific habitats asso-
ciated with lower risk (e.g., Sweitzer and Berger 1992) in an 
effort to mitigate risk-related physiological costs. Thus, it is 
entirely plausible that compensatory behavioral responses 
contribute to maintenance of hare condition under high risk.

Alternatively, similar, presumed compensatory, responses 
have been observed in a set of studies involving metabolic 
responses to risk. For example, Thaler et al. (2012) found 
that hornworms (Manduca sexta) increased assimilation 
efficiency relative to risk in the environment, whereas Van 
Dievel et  al. (2016) found that damselflies (Enallagma 
cyathigerum) altered metabolic rates and energy stores in 
the face of risk alteration; both species expressed these 
responses through increased structural size, implying that 
risk exposure may elicit metabolic alterations. However, 
it is notable that the above studies were conducted under 
laboratory conditions, where risk manipulation often lacks 
an analogous stimulus intensity and experimental context to 
that expected in a natural setting (e.g., Korpimäki and Krebs 
1996; Hossie et al. 2017). In our study, risk-augmented hares 
could have invoked a variety of behavioral and/or metabolic 
responses to treatment and it seems plausible that these 
responses could be more pronounced during summer, when 
food and cover are abundant and predation-related mor-
tality tends to decline (Sinclair et al. 1988; Hodges et al. 
2001). Indeed, under such conditions hares may experience 
increased plasticity, allowing them to adjust their behavior 
or metabolism in response to heightened risk. In contrast, 
during winter, food resources are more limited (Sinclair 
et al. 1988), predation rates (and presumably risk percep-
tion) are higher (Hodges et al. 2001), and thus hares may be 
especially constrained in their ability to mount compensa-
tory responses to risk augmentation. It follows that further 
research should address whether increased risk exposure 
elicits compensatory responses in prey and whether such 
responses vary seasonally.

The observed yearly change in hormonal, energetic, and 
immunological responses corresponded to observed changes 
in local predator density (Krebs et al. 2018). While tempo-
ral variation in physiological responses may have reflected 
changes in the risk environment for hares, observed intra-
annual compensatory responses on hare condition indices 
did not occur for yearly changes in hematocrit, a primary 
indicator of condition (Franzmann and Leresche 1978; Hel-
legren et al. 1993; Boonstra et al. 1998). Similar yearly vari-
ation in physiological stress responses have been observed 
in other hare studies (e.g., Boonstra et al. 1998), with food 
addition or risk removal alone failing to fully overcome 
yearly variability in hematocrit (see Boonstra et al. 1998). 
In contrast, we found no yearly differences in structural 

condition, a metric which has been shown to fluctuate with 
alterations in food resources and risk (Hodges et al. 1999; 
Murray 2002). Although both physiological and structural 
condition indices should be influenced by high free plasma 
cortisol levels (Silverman and Sternberg 2012), there is evi-
dence that these measures are not directly correlated (e.g., 
Dawson and Bortolotti 1997) and that specific responses 
may vary across taxa. Further study of exactly how physi-
ological and structural conditions are related and how they 
vary through temporally dynamic environments will contrib-
ute to our understanding of these measures.

Finally, there is a general consensus that the proper cali-
bration of levels of risk exposure in studies such as ours 
represents a major challenge in understanding non-consump-
tive effects of predators on prey (see Korpimäki and Krebs 
1996; Peers et al. 2018). In our study, free-ranging hares 
experienced increased stress from predation risk associated 
with both experimental and natural sources (e.g., variation 
in natural predation or food quality/quantity, Hodges et al. 
2001; winter conditions, Sheriff et al. 2009b). It is notable 
that in our study the magnitude of the observed treatment 
response for each physiological metric was substantially 
less than its yearly variation, implying that our treatment 
level likely was biologically realistic because it captured a 
physiological response that was within the bounds of what 
hares experience in the real world. As such, our risk expo-
sure treatment was sufficient to elicit a realistic physiological 
response under natural conditions. More broadly, we show 
that risk exposure experiments in free-ranging animals can 
provide robust insight into risk-related responses despite 
longstanding concerns over the realism of such treatments 
when deployed in an experimental context (e.g., see Hossie 
et al. 2017; Peers et al. 2018). Our ability to capture a bio-
logically relevant response should thus serve as a guide for 
future risk augmentation experiments.

Future research striving to better understand animal 
responses to environmental stressors should redouble efforts 
to incorporate comprehensive physiological approaches 
using contextually relevant experimental manipulations. 
Indeed, these approaches may be crucial in helping develop 
a mechanistic understanding of how physiological changes 
translate to downstream behavioral, demographic, and 
population-level responses. These efforts may be especially 
important in taxa that experience little natural variation in 
environmental stressors through space and time (e.g., Roll-
ins-Smith 2017) and, therefore, are particularly vulnerable to 
environmental change. Therefore, implementation of com-
prehensive, realistic field assessments complemented with a 
suite of physiological responses to environmental stressors 
should play a foundational role in understanding the cascade 
of potential responses to environmental stress, and how they 
may help elicit population- and ecosystem-level responses.

Author's personal copy



321Oecologia (2019) 191:311–323 

1 3

Acknowledgements We are grateful to JD, our science dog. We would 
also like to thank R. Lamoureux for field assistance, S. Lavergne, C. 
Bosson and B. Delehanty, for their guidance with the physiology lab 
work and A. Kenney for database assistance. We appreciate Kluane 
First Nation and Champagne-Aishihik First Nations for allowing us to 
work on their land. This research was funded by the Natural Sciences 
and Engineering Research Council of Canada, Ontario Graduate Schol-
arship, Northern Studies Training Program and the Canada Research 
Chairs program.

Author contribution statement MRB, JLS and DLM conceived and 
designed the experiments. MRB and JLS performed the field experi-
ments while MRB, JLS, RB and RP performed the laboratory work. 
MRB analyzed the data and MRB and DLM wrote the manuscript; all 
authors provided editorial advice.

References

Barcellos LJG, Ritter F, Kreutz LC, Quevedo RM, da Silva LB, Bedin 
AC, Finco J, Cericato L (2007) Whole-body cortisol increases 
after direct and visual contact with a predator in zebrafish, Danio 
rerio. Aquaculture 272(1):774–778. https ://doi.org/10.1016/j.
aquac ultur e.2007.09.002

Boonstra R (2013) Reality as the leading cause of stress: rethinking the 
impact of chronic stress in nature. Funct Ecol 27(1):11–23. https 
://doi.org/10.1111/1365-2435.12008 

Boonstra R, Singleton GR (1993) Population declines in the snowshoe 
hare and the role of stress. Gen Comp Endocrinol 91(2):126–143. 
https ://doi.org/10.1006/gcen.1993.1113

Boonstra R, Hik D, Singleton G, Tinnikov A (1998) The impact 
of predator-induced stress on the snowshoe hare cycle. 
Ecol Monogr 79(5):371–394. https ://doi.org/10.1890/0012-
9615(1998)068%5B037 1:TIOPI S%5D2.0.CO;2

Boutin S, Krebs CJ, Boonstra R, Dale MRT, Hannon SJ, Martin K, 
Byrom A (1995) Population changes of the vertebrate community 
during a snowshoe hare cycle in Canada’s boreal forest. Oikos 
74(1):69–80. https ://doi.org/10.2307/35456 76

Breuner CW, Orchinik M (2002) Plasma binding proteins as mediators 
of corticosteroid action in vertebrates. J Endocrinol 175:99–112. 
https ://doi.org/10.1677/joe.0.17500 99

Breuner CW, Lynn SE, Julian GE, Cornelius JM, Heidinger BJ, Love 
OP, Whitman BA (2006) Plasma-binding globulins and acute 
stress response. Hormone Metab Res. 38(4):260–268 https ://schol 
ar.uwind sor.ca/biolo gypub /1111

CEMP: Community Ecological Monitoring Program (2017) http://
www.zoolo gy.ubc.ca/~krebs /kluan e.html. Dataset Accessed: 
May 2018

Clinchy M, Zanette L, Charlier TD, Newman AE, Schmidt KL, Boon-
stra R, Soma KK (2011) Multiple measures elucidate glucocor-
ticoid responses to environmental variation in predation threat. 
Oecologia 166(3):607–614. https ://doi.org/10.1007/s0044 
2-011-1915-2

Clinchy M, Sheriff MJ, Zanette LY (2013) Predator-induced stress 
and the ecology of fear. Funct Ecol 27(1):56–65. https ://doi.
org/10.1111/1365-2435.12007 

Costello DM, Michel MJ (2013) Predator-induced defenses in tad-
poles confound body stoichiometry predictions of the gen-
eral stress paradigm. Ecology 94(10):2229–2236. https ://doi.
org/10.1890/12-2251.1

Creel S, Christianson D, Liley S, Winnie JA (2007) Predation risk 
affects reproductive physiology and demography of elk. Science 
315(5814):960. https ://doi.org/10.1126/scien ce.11359 18

Daly M, Behrends PR, Wilson MI, Jacobs LF (1992) Behavioural mod-
ulation of predation risk: moonlight avoidance and crepuscular 
compensation in a nocturnal desert rodent, Dipodomys merriami. 
Anim Behav 44(1):1–9

Dawson RD, Bortolotti GR (1997) Are avian hematocrits indica-
tive of condition? American kestrels as a model. J Wildl Manag 
61(4):1297–1306. https ://doi.org/10.2307/38021 29

Delehanty B, Boonstra R (2011) Coping with intense reproductive 
aggression in male arctic ground squirrels: the stress axis and its 
signature tell divergent stories. Physiol Biochem Zool 84(4):417–
428. https ://doi.org/10.1086/66080 9

Eilam D, Dayan T, Ben-Eliyahu S, Schulman I, Shefer G, Hendrie CA 
(1999) Differential behavioural and hormonal responses of voles 
and spiny mice to owl calls. Anim Behav 58(5):1085–1093. https 
://doi.org/10.1006/anbe.1999.1224

Environment Canada (2017) Canadian monthly climate data and 1981–
2010 normals: Burwash A, Yukon Territory. Ottawa, Ontario. 
http://clima te.weath er.gc.ca/clima te_norma ls/index _e.html. 
Accessed Jan 2017

Fast MD, Hosoya S, Johnson SC, Afonso LO (2008) Cortisol response 
and immune-related effects of Atlantic salmon (Salmo salar Lin-
naeus) subjected to short-and long-term stress. Fish Shellfish 
Immunol 24(2):194–204. https ://doi.org/10.1016/j.fsi.2007.10.009

Franzmann AW, Leresche RE (1978) Alaskan moose blood studies with 
emphasis on condition evaluation. J Wildl Manag 42(2):334–351. 
https ://doi.org/10.2307/38002 70

Goymann W (2012) On the use of non-invasive hormone research in 
uncontrolled, natural environments: the problem with sex, diet, 
metabolic rate and the individual. Methods Ecol Evol 3(4):757–
765. https ://doi.org/10.1111/j.2041-210X.2012.00203 .x

Griffin PC, Griffin SC, Waroquiers C, Mills LS (2005) Mortality by 
moonlight: predation risk and the snowshoe hare. Behav Ecol 
16(5):938–944. https ://doi.org/10.1093/behec o/ari07 4

Harrington DP, Fleming TR (1982) A class of rank test procedures for 
censored survival data. Biometrika 69(3):553–566. https ://doi.
org/10.1093/biome t/69.3.553

Hawlena D, Schmitz OJ (2010) Physiological stress as a fundamental 
mechanism linking predation to ecosystem functioning. Am Nat 
176(5):537–556. https ://doi.org/10.1086/65649 5

Hellegren EC, Rogers LL, Seal US (1993) Serum chemistry and 
hematology of black bears: physiological indices of habitat qual-
ity or seasonal patterns? J Mammal 74(2):304–315. https ://doi.
org/10.2307/13823 85

Hik DS, McColl CJ, Boonstra R (2001) Why are Arctic ground 
squirrels more stressed in the boreal forest than in alpine mead-
ows? Ecoscience 8(3):275–288. https ://doi.org/10.1080/11956 
860.2001.11682 654

Hinam HL, St.Clair CC (2008) High levels of habitat loss and frag-
mentation limit reproductive success by reducing home range size 
and provisioning rates of Northern saw-whet owls. Biol Conserv 
141(2):524–535. https ://doi.org/10.1016/j.bioco n.2007.11.011

Hodges KE, Stefan CI, Gillis EA (1999) Does body condition affect 
fecundity in a cyclic population of snowshoe hares? Can J Zool 
77(1):1–6. https ://doi.org/10.1139/z98-188

Hodges KE, Krebs CJ, Hik DS, Stefan CI, Gillis EA, Doyle CE (2001) 
Snowshoe hare demography. In: Krebs CJ, Boutin S, Boonstra R 
(eds) Ecosystem dynamics of the boreal forest: the kluane pro-
ject. Oxford University Press, New York, pp 141–178. https ://doi.
org/10.2307/30717 90

Hossie TJ, Landolt K, Murray DL (2017) Determinants and co-
expression of anti-predator responses in amphibian tadpoles: a 
meta-analysis. Oikos 126(2):173–184. https ://doi.org/10.1111/
oik.03305 

Janssens L, Stoks R (2013) Predation risk causes oxidative dam-
age in prey. Biol Lett 9(4):20130350. https ://doi.org/10.1098/
rsbl.2013.0350

Author's personal copy

https://doi.org/10.1016/j.aquaculture.2007.09.002
https://doi.org/10.1016/j.aquaculture.2007.09.002
https://doi.org/10.1111/1365-2435.12008
https://doi.org/10.1111/1365-2435.12008
https://doi.org/10.1006/gcen.1993.1113
https://doi.org/10.1890/0012-9615(1998)068%5B0371:TIOPIS%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1998)068%5B0371:TIOPIS%5D2.0.CO;2
https://doi.org/10.2307/3545676
https://doi.org/10.1677/joe.0.1750099
https://scholar.uwindsor.ca/biologypub/1111
https://scholar.uwindsor.ca/biologypub/1111
http://www.zoology.ubc.ca/%7ekrebs/kluane.html
http://www.zoology.ubc.ca/%7ekrebs/kluane.html
https://doi.org/10.1007/s00442-011-1915-2
https://doi.org/10.1007/s00442-011-1915-2
https://doi.org/10.1111/1365-2435.12007
https://doi.org/10.1111/1365-2435.12007
https://doi.org/10.1890/12-2251.1
https://doi.org/10.1890/12-2251.1
https://doi.org/10.1126/science.1135918
https://doi.org/10.2307/3802129
https://doi.org/10.1086/660809
https://doi.org/10.1006/anbe.1999.1224
https://doi.org/10.1006/anbe.1999.1224
http://climate.weather.gc.ca/climate_normals/index_e.html
https://doi.org/10.1016/j.fsi.2007.10.009
https://doi.org/10.2307/3800270
https://doi.org/10.1111/j.2041-210X.2012.00203.x
https://doi.org/10.1093/beheco/ari074
https://doi.org/10.1093/biomet/69.3.553
https://doi.org/10.1093/biomet/69.3.553
https://doi.org/10.1086/656495
https://doi.org/10.2307/1382385
https://doi.org/10.2307/1382385
https://doi.org/10.1080/11956860.2001.11682654
https://doi.org/10.1080/11956860.2001.11682654
https://doi.org/10.1016/j.biocon.2007.11.011
https://doi.org/10.1139/z98-188
https://doi.org/10.2307/3071790
https://doi.org/10.2307/3071790
https://doi.org/10.1111/oik.03305
https://doi.org/10.1111/oik.03305
https://doi.org/10.1098/rsbl.2013.0350
https://doi.org/10.1098/rsbl.2013.0350


322 Oecologia (2019) 191:311–323

1 3

Kagawa N, Ryo K, Mugiya Y (1999) Enhanced expression of stress 
protein 70 in the brains of goldfish, Carassius auratus, reared with 
bluegills, Lepomis macrochirus. Fish Physiol Biochem 21(2):103–
110. https ://doi.org/10.1016/S1095 -6433(99)90413 -0

Keith LB, Meslow EC, Rongstad OJ (1968) Techniques for snowshoe 
hare population studies. J Wildl Manag 32(4):801–812. https ://
doi.org/10.2307/37995 56

Korpimäki E, Krebs CJ (1996) Predation and population cycles 
of small mammals. Bioscience 46(10):754–764. https ://doi.
org/10.2307/13128 51

Krebs CJ, Boutin S, Boonstra R (2001) Ecosystem dynamics of the 
boreal forest: the Kluane project. Oxford University Press, New 
York. https ://doi.org/10.2307/30717 90

Krebs CJ, Boonstra R, Kenney AJ, Gilbert BS (2018) Hares and small 
rodent cycles: a 45-year perspective on predator-prey dynamics 
in the Yukon boreal forest. Aust Zool. https ://doi.org/10.7882/
AZ.2018.012

Liesenjohann M, Liesenjohann T, Palme R, Eccard JA (2013) Dif-
ferential behavioural and endocrine responses of common voles 
(Microtus arvalis) to nest predators and resource competitors. 
BMC Ecol 13:33. https ://doi.org/10.1186/1472-6785-13-33

Lima SL, Dill LM (1990) Behavioral decisions made under the risk of 
predation: a review and prospectus. Can J Zool 68(4):619–640. 
https ://doi.org/10.1139/z90-092

McPeek MA, Grace M, Richardson JM (2001) Physiological and 
behavioral responses to predators shape the growth/predation 
risk trade-off in damselflies. Ecology 82(6):1535–1545. https 
://doi.org/10.1890/0012-9658(2001)082%5B153 5:PABRT 
P%5D2.0.CO;2

Menge BA, Sutherland JP (1976) Species diversity gradients: synthesis 
of the roles of predation, competition, and temporal heterogene-
ity. Am Nat 110(973):351–369. https ://doi.org/10.1086/28307 3

Miller WL, Tyrrell JB (1995) Endocrinology and metabolism. McGraw 
Hill, New York, pp 555–711

Murray DL (2002) Differential body condition and vulnerability to 
predation in snowshoe hares. J Anim Ecol 71(4):614–625. https 
://doi.org/10.1046/j.1365-2656.2002.00632 .x

O’Donoghue MO, Boutin S, Krebs C, Zuleta G, Murray DL, Hofer 
EL (1998) Functional responses of coyotes and lynx to the 
snowshoe hare cycle. Ecology 79(4):1193–1208. https ://doi.
org/10.2307/17673 6

Oedekoven MA, Joern A (2000) Plant quality and spider preda-
tion affects grasshoppers (Acrididae): food-quality-depend-
ent compensatory mortality. Ecology 81(1):66–77. https 
://doi.org/10.1890/0012-9658(2000)081%5b006 6:PQASP 
A%5d2.0.CO;2

Olejnik S, Algina J (2003) Generalized eta and omega squared sta-
tistics: measures of effect size for some common research 
designs. Psychol Methods 8(4):434–447. https ://doi.
org/10.1037/1082-989X.8.4.434

Palme R, Möstl E (1997) Measurement of cortisol metabolites in feces 
of sheep as a parameter of cortisol concentration in the blood. Int 
J Mamm Biol 62(Supplement II):192–197

Paul N, Novais SC, Lemos MF, Kunzmann A (2018) Chemical preda-
tor signals induce metabolic suppression in rock goby (Gobius 
paganellus). PLoS One 13(12):e0209286. https ://doi.org/10.1371/
journ al.pone.02092 86

Peckarsky BL, Abrams PA, Bolnick DI, Dill LM, Grabowski JH, Lutt-
beg B, Orrock JL, Peacor SD, Preisser EL, Schmitz OJ, Trussell 
GC (2008) Revisiting the classics: considering nonconsumptive 
effects in textbook examples of predator–prey interactions. Ecol-
ogy 89(9):2416–2425. https ://doi.org/10.1890/07-1131.1

Peers MJL, Majchrzak YN, Neilson E, Lamb CT, Hämäläinen A, 
Haines JA, Garland L, Doran-Myers D, Broadley K, Boonstra 
R, Boutin S (2018) Quantifying fear effects on prey demography 

in nature. Ecology 99(8):1716–1723. https ://doi.org/10.1002/
ecy.2381

Preisser E, Bolnick D, Bernard M (2005) Scared to death? The effects 
of intimidation and consumption in predator-prey interactions. 
Ecology 86(2):501–509. https ://doi.org/10.1890/04-0719

R Core Team (2013) R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. http://www.R-proje ct.org/

Rollins-Smith LA (2017) Amphibian immunity–stress, disease, and 
climate change. Dev Comp Immunol 66:111–119. https ://doi.
org/10.1016/j.dci.2016.07.002

Scheiner SM (2001) MANOVA: Multiple response variables and multi-
species interactions. In Designs and analysis of ecological experi-
ments (2nd ed.) Chapman & Hall, New York. pp 99–115

Schmitt RJ, Holbrook SJ (1985) Patch selection by juvenile black surf-
perch (Embiotocidae) under variable risk: interactive influence 
of food quality and structural complexity. J Exp Mar Biol Ecol 
85(3):269–285. https ://doi.org/10.1016/0022-0981(85)90162 -5

Seiter SA (2011) Predator presence suppresses immune function in a 
larval amphibian. Evolut Ecol Res 13(3):283–293

Sheriff M, Krebs C, Boonstra R (2009a) The sensitive hare: suble-
thal effects of predator stress on reproduction in snowshoe 
hare. J Anim Ecol 78(6):1249–1258. https ://doi.org/10.111
1/j.1365-2656.2009.01552 .x

Sheriff MJ, Speakman JR, Kuchel L, Boutin S, Humphries MM 
(2009b) The cold shoulder: free-ranging snowshoe hares maintain 
a low cost of living in cold climates. Can J Zool 87(10):956–964. 
https ://doi.org/10.1139/Z09-087

Sheriff MJ, Krebs CJ, Boonstra R (2010) Assessing stress in animal 
populations: do fecal and plasma glucocorticoids tell the same 
story? Gen Compr Endocrinol 166(3):614–619. https ://doi.
org/10.1016/j.ygcen .2009.12.017

Sheriff M, Krebs CJ, Boonstra R (2011) From process to pattern: how 
fluctuating predation risk impacts the stress axis of snowshoe 
hares during the 10-year cycle. Oecologia 166(3):593–605. https 
://doi.org/10.1007/s0044 2-011-1907-2

Sikes RS, Gannon WL and the Animal Care Use Committee of 
the American Society of Mammologists (2011) Guidelines 
of the American Society of Mammologists for the use of wild 
mammals in research. J Mammal 92(1):235–253. https ://doi.
org/10.1644/10-MAMM-F-355.1

Silverman MN, Sternberg EM (2012) Glucocorticoid regulation of 
inflammation and its functional correlates: from HPA axis to glu-
cocorticoid receptor dysfunction. Ann N Y Acad Sci 1261(1):55–
63. https ://doi.org/10.1111/j.1749-6632.2012.06633 .x

Sinclair AR, Krebs CJ, Smith JN, Boutin S (1988) Population biology 
of snowshoe hares. III. Nutrition, plant secondary compounds 
and food limitation. J Anim Ecol. 57(3):787–806. https ://doi.
org/10.2307/5093

Skelly DK, Kiesecker JM (2001) Venue and outcome in ecological 
experiments: manipulations of larval anurans. Oikos 94(1):198–
208. https ://doi.org/10.1034/j.1600-0706.2001.t01-1-11105 .x

Slos S, Stoks R (2008) Predation risk induces stress proteins and 
reduces antioxidant defense. Funct Ecol 22(4):637–642. https ://
doi.org/10.1111/j.1365-2435.2008.01424 .x

Srivastava DS, Kolasa J, Bengtsson J, Gonzalez A, Lawler SP, Miller 
TE, Trzcinski MK (2004) Are natural microcosms useful model 
systems for ecology? Trends Ecol Evol 19(7):379–384. https ://
doi.org/10.1016/j.tree.2004.04.010

Strobbe F, McPeek MA, De Block M, Stoks R (2010) Survival selec-
tion imposed by predation on a physiological trait underlying 
escape speed. Funct Ecol 24(6):1306–1312. https ://doi.org/10.11
11/j.1365-2435.2010.01752 .x

Sweitzer RA, Berger J (1992) Size-Related effects of predation on habi-
tat use and behavior of porcupines (Erethizon Dorsatum). Ecology 
73(3):867–875. https ://doi.org/10.2307/19401 64

Author's personal copy

https://doi.org/10.1016/S1095-6433(99)90413-0
https://doi.org/10.2307/3799556
https://doi.org/10.2307/3799556
https://doi.org/10.2307/1312851
https://doi.org/10.2307/1312851
https://doi.org/10.2307/3071790
https://doi.org/10.7882/AZ.2018.012
https://doi.org/10.7882/AZ.2018.012
https://doi.org/10.1186/1472-6785-13-33
https://doi.org/10.1139/z90-092
https://doi.org/10.1890/0012-9658(2001)082%5B1535:PABRTP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B1535:PABRTP%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2001)082%5B1535:PABRTP%5D2.0.CO;2
https://doi.org/10.1086/283073
https://doi.org/10.1046/j.1365-2656.2002.00632.x
https://doi.org/10.1046/j.1365-2656.2002.00632.x
https://doi.org/10.2307/176736
https://doi.org/10.2307/176736
https://doi.org/10.1890/0012-9658(2000)081%5b0066:PQASPA%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5b0066:PQASPA%5d2.0.CO;2
https://doi.org/10.1890/0012-9658(2000)081%5b0066:PQASPA%5d2.0.CO;2
https://doi.org/10.1037/1082-989X.8.4.434
https://doi.org/10.1037/1082-989X.8.4.434
https://doi.org/10.1371/journal.pone.0209286
https://doi.org/10.1371/journal.pone.0209286
https://doi.org/10.1890/07-1131.1
https://doi.org/10.1002/ecy.2381
https://doi.org/10.1002/ecy.2381
https://doi.org/10.1890/04-0719
http://www.R-project.org/
https://doi.org/10.1016/j.dci.2016.07.002
https://doi.org/10.1016/j.dci.2016.07.002
https://doi.org/10.1016/0022-0981(85)90162-5
https://doi.org/10.1111/j.1365-2656.2009.01552.x
https://doi.org/10.1111/j.1365-2656.2009.01552.x
https://doi.org/10.1139/Z09-087
https://doi.org/10.1016/j.ygcen.2009.12.017
https://doi.org/10.1016/j.ygcen.2009.12.017
https://doi.org/10.1007/s00442-011-1907-2
https://doi.org/10.1007/s00442-011-1907-2
https://doi.org/10.1644/10-MAMM-F-355.1
https://doi.org/10.1644/10-MAMM-F-355.1
https://doi.org/10.1111/j.1749-6632.2012.06633.x
https://doi.org/10.2307/5093
https://doi.org/10.2307/5093
https://doi.org/10.1034/j.1600-0706.2001.t01-1-11105.x
https://doi.org/10.1111/j.1365-2435.2008.01424.x
https://doi.org/10.1111/j.1365-2435.2008.01424.x
https://doi.org/10.1016/j.tree.2004.04.010
https://doi.org/10.1016/j.tree.2004.04.010
https://doi.org/10.1111/j.1365-2435.2010.01752.x
https://doi.org/10.1111/j.1365-2435.2010.01752.x
https://doi.org/10.2307/1940164


323Oecologia (2019) 191:311–323 

1 3

Thaler JS, McArt SH, Kaplan I (2012) Compensatory mechanisms for 
ameliorating the fundamental trade-off between predator avoid-
ance and foraging. Proc Nat Acad Sci 109(30):12075–12080. https 
://doi.org/10.1073/pnas.12080 70109 

Trussell GC, Johnson AS, Rudolph SG, Gilfillan ES (1993) Resist-
ance to dislodgement: habitat and size-specific differences in mor-
phology and tenacity in an intertidal snail. Mar Ecol Prog Ser 
100(1/2):135–144. https ://doi.org/10.3354/meps1 00135 

Turner MG (2010) Disturbance and landscape dynamics in a 
changing world. Ecology 91(10):2833–2849. https ://doi.
org/10.1890/10-0097.1

Van Dievel M, Janssens L, Stoks R (2016) Short-and long-term behav-
ioural, physiological and stoichiometric responses to predation 
risk indicate chronic stress and compensatory mechanisms. 

Oecologia 181(2):347–357. https ://doi.org/10.1007/s0044 
2-015-3440-1

White PS, Jentsch A (2001) The search for generality in studies of 
disturbance and ecosystem dynamics. In: Progress in botany. 
Springer, Berlin. pp 399–450 https ://doi.org/10.1007/978-3-642-
56849 -7_17

Woodley CM, Peterson MS (2003) Measuring responses to simulated 
predation threat using behavioral and physiological metrics: the 
role of aquatic vegetation. Oecologia 136(1):155–160. https ://doi.
org/10.1007/s0044 2-003-1236-1

Zanette LY, Clinchy M, Suraci JP (2014) Diagnosing predation risk 
effects on demography: can measuring physiology provide the 
means? Oecologia 176(3):637–651. https ://doi.org/10.1007/s0044 
2-014-3057-9

Author's personal copy

https://doi.org/10.1073/pnas.1208070109
https://doi.org/10.1073/pnas.1208070109
https://doi.org/10.3354/meps100135
https://doi.org/10.1890/10-0097.1
https://doi.org/10.1890/10-0097.1
https://doi.org/10.1007/s00442-015-3440-1
https://doi.org/10.1007/s00442-015-3440-1
https://doi.org/10.1007/978-3-642-56849-7_17
https://doi.org/10.1007/978-3-642-56849-7_17
https://doi.org/10.1007/s00442-003-1236-1
https://doi.org/10.1007/s00442-003-1236-1
https://doi.org/10.1007/s00442-014-3057-9
https://doi.org/10.1007/s00442-014-3057-9

	Experimental increase in predation risk causes a cascading stress response in free-ranging snowshoe hares
	Abstract
	Introduction
	Methods
	Study site
	Live trapping
	Experimental manipulation
	Stress metrics
	Fecal cortisol metabolites
	Hormone challenges

	Statistical analysis

	Results
	Fecal cortisol metabolites (FCM)
	Plasma cortisol and adrenal function (AUC)
	Immunology
	Glucose mobilization and condition

	Discussion
	Acknowledgements 
	References




